In the present study, a comprehensive experimental study was conducted to evaluate the effects of initial ice roughness formed around the leading-edge of an airfoil model on the dynamic ice accretion and unsteady heat transfer processes over the airfoil surface. The experimental study was performed in the Icing Research Tunnel at Iowa State University, Two airfoil models with the same airfoil shape were manufactured by using a rapid protype machine for a comparative study, i.e., one test model was designed to have embedded initial ice roughness around the airfoil leading-edge and the other model having smooth airfoil leading-edge as the comparison baseline. During the experiments, while a high-speed imaging system was used to record the early-stage icing morphologies over the airfoil surfaces with and without the initial leading-edge roughness, an infrared (IR) thermal imaging system was also utilized to map the corresponding surface temperature distributions over the airfoil surfaces to quantify the unsteady heat transfer and dynamic icing, i.e., phase changing, processes under different test conditions. It was found that, the initial ice roughness formed around the airfoil leading-edge would affect the characteristics of local airflow, impingement of supercooled water droplets, collection and transport of impacted water mass, unsteady heat transfer and subsequent ice accretion processes dramatically. The initial ice roughness formed around the airfoil leading-edge would redistribute the impacted water mass, with more impacted water mass being captured and frozen over the roughness region. In addition, the initial ice roughness was also found to produce span-wise-alternating low-and high-momentum pathways (LMPs and HMPs, respectively), which can significantly affect the convective heat transfer and subsequent ice accretion processes over the airfoil surface.
Introduction
Aircraft icing has been recognized as a big threat to flight safety for several decades [1] . The flight performance of an aircraft encountering icing clouds can be significantly contaminated by the ice layers accumulated on critical surfaces [2] . Ice accretions could negatively affect the aerodynamic performance of aircraft by reducing stall margin, increasing drag, and decreasing lift [3] . It is documented that more than 1200 accidents and incidents occurred in the US in the past a few decades [4, 5] . Considerable amounts of the accidents/incidents were related to in-flight ice accretion on wings, fuselage or control surfaces of aircraft. While many anti-/de-icing techniques have been developed to mitigate ice accretion on aircraft [6] [7] [8] [9] , the in-flight icing is still a severe weather hazard to flight safety. The in-flight ice accretion is highly dependent on weather conditions, e.g., cloud liquid water content (LWC), atmosphere temperature, and cloud droplet median volumetric diameter (MVD). Various ice shapes have been observed under different icing cloud conditions [10, 11] . In the past years, many efforts have been made to characterize the effects of LWC, air temperature and velocity, and droplet size on ice shape formations [2, 3, 12] . While clouds with low LWC and small droplets at cold temperatures (typically below À10°C) tend to produce ice shapes with rough, milky white appearance conforming to aircraft surfaces, i.e., rime ice, some irregular ice horns with clear, smooth, and dense appearance, i.e., glaze ice, may form and extend into the oncoming flows under other cloud conditions with high LWC and large droplets at temperatures just below the freezing point [13] .
Heat transfer is one of the most essential mechanisms that control the ice accretion on aircraft [14] . Ice forms when the latent heat of fusion in the impinged water mass is removed by heat transfer. If the heat transfer is sufficiently fast to remove all of the latent heat of fusion in the impinged water droplets, they would freeze immediately upon impacting on the aircraft surfaces. If not, however, only a portion of the impinged water mass would be frozen upon impact, with the remaining being transported downstream and frozen over a larger area. Many experimental studies, either in-flight or ground wind tunnel test, have been conducted to evaluate the heat transfer in aircraft icing [15, 16] . It has been revealed that the heat transfer during icing processes is significantly affected by the roughness elements formed in the initial stage of ice accretion. Further studies showed that the initial ice roughness is significant because it couples the fluid flow, droplet impingement, and heat transfer processes [17, 18] . The initial ice roughness essentially induces higher turbulence in the airflow, and accelerate the convective heat transfer from the surfaces to freestream [19] . There are multiple heat transfer mechanisms occurring on the airfoil/ice surfaces during ice accretion [20, 21] , among which, convective heat transfer is considered to be predominant in aircraft icing [16, 22] . Since the initial ice roughness is closely coupled with the local flow field and convective heat transfer, even a slight change in roughness characteristics (element size, element spacing, etc.) could essentially impact the convective heat transfer, and hence, change the amount and rate of ice accretion [23] .
During the past years, some ice accretion prediction codes have been developed to simulate icing process from water droplet trajectory calculations to ice growth on aircraft surfaces. However, these codes are limited in their capabilities in predicting ice accretion especially in glaze conditions. An important reason for that is the use of simplified ice roughness models. For example, in the LEWICE code [1] , the ice roughness height is estimated based on the sand-grain equivalent model. Convective heat transfer is then determined by coupling with the ice roughness height estimation [24] . This simplification could essentially affect the ice accretion shape and size because the sand-grain roughness is different from the actual ice roughness formed in in-flight icing conditions [25] . Based on the comparison of the ice shapes generated in the icing experiments and that from the LEWICE simulation, it was found that the predicted ice shapes did not match well with the experimental results. The comparison, consequently, presented a poor agreement of the convective heat transfer coefficients [26] .
Many experimental studies have been conducted to evaluate the effects of the roughness elements on the local convective heat transfer and boundary layer development. However, due to the difficulties in characterizing the initial ice roughness, most of these studies have focused on the effects of the non-realistic ice roughness, or simplistically distributed roughness [27] [28] [29] . Although these simulated roughness elements can be easily generated and manufactured, they may not reflect the irregularity and broad range of topographical scales of practical roughness [30] . The unique ice surface features formed in actual in-flight icing conditions would not be captured by the ordered arrays of discrete roughness elements. The use of these non-realistic ice roughness has created biases in convective heat transfer coefficients in comparison to those with the realistic distributions of roughness elements [31] . Thus, assessing the impact of realistic ice roughness on the heat transfer and further ice accretion is of great importance to improve our understanding of the nonlinear icing processes on aircraft.
Over the years, several techniques have been developed to create realistic ice roughness distributions [32] . One recent example is the Lagrangian droplet simulator, which can be used to generate realistic ice roughness distributions [23, 32] . The generated rough-ness is a bead distribution with random spreading and diameters. This approach enables the characterization of boundary layer development and convective heat transfer from surfaces exhibiting such kind of roughness distributions [23] . Since the actual ice roughness generated in real icing conditions could be of various shapes and sizes, another approach employing cast surfaces of real icing models was developed [22] in order to characterize the boundary layer flow and local heat transfer in these situations. While the three-dimensional ice roughness features can be captured using the mold and casting method, this approach is time consuming in operation, and the cost can be significant [33] . In recent years, laser-based and other optical scanning methods have been developed to accomplish three-dimension, i.e., 3D, digitization of ice accretion [34, 35] , which are capable to accurately record and reproduce the details of ice roughness features. The advancement of the 3D scanning techniques enables the acquisition of realistic ice roughness data during the early stage of aircraft icing. With such realistic ice roughness data, a series of icing experiments were conducted in the present study to reveal the impacts of these initial ice roughness on the dynamic ice accretion and unsteady heat transfer processes over aircraft wing surfaces. To the best knowledge of the authors, this is the first effort of its kind to quantitatively evaluate the effects of initial ice roughness (with realistic shapes and distributions) in aircraft icing phenomena.
In the present study, two airfoil models with the same airfoil shape, i.e., one model with embedded initial ice roughness around the airfoil leading-edge and the other model with smooth airfoil leading-edge as the comparison baseline, were manufactured by using a rapid protype machine, i.e., 3D printed. The experimental study was performed in the Icing Research Tunnel at Iowa State University, i.e., ISU-IRT. While a high-speed imaging system was used to record the dynamic ice accretion over the airfoil surfaces with and without the initial ice roughness, an infrared (IR) thermal imaging system was also utilized to map the corresponding surface temperature distributions over the airfoil surfaces simultaneously to quantify the unsteady heat transfer and phase changing processes. Such measurements provide insight into the droplet collection distribution and unsteady heat transfer processes with and without the presence of initial ice roughness during the different icing conditions.
Test model used in the present study
The two airfoil models used in the present study were designed to have the same NACA 23012 airfoil shape, and were made of a hard-plastic material and manufactured by using a rapid prototyping machine, i.e., 3-D printing, that builds 3-D models layer-bylayer with a resolution of about 25 mm. While one test model was designed to have smooth leading-edge as the comparison baseline, the second model was designed to have embedded realistic initial ice roughness around the airfoil leading-edge. The initial ice roughness was formed under a typical in-flight icing condition, i.e., wind speed of U 1 = 102.9 m/s; LWC = 0.75 g/m 3 ; MVD = 15 lm, and airflow temperature of T 1 = À2.2°C, with a icing duration of 30 s, by performing an icing experiment in the Icing Research Tunnel (IRT) at NASA's Glenn Research Center [33] . The iced airfoil model was then 3-D scanned using a 3D laser scanning system. The point cloud data file generated by using the 3-D laser scanning system was used as the input file for designing the airfoil model with realistic ice roughness used in the present study. The construction of the solid airfoil model from the point cloud data is a typical reverse engineering project. The point cloud file was imported into a 3D CAD software (CATIA-V5-R20 in this study) as shown in Fig. 1(a) . The imported point cloud was then manipulated, i.e., points filter, local and global points activate and remove, to generate a mesh surface containing the ice roughness features as can be seen in Fig. 1(b) . The mesh surface was further treated by filling holes, flipping edges, and cleaning nonmanifold meshes to create the airfoil surface with realistic ice roughness. Finally, the faces and solid body were generated by using the Quick Surface Reconstruction (QSR) module in the CAD software. Fig. 2 shows the zoom-in of the leading-edge ice roughness reconstructed in the present study. It can be clearly seen that, while the roughness elements are of various shapes and sizes and randomly distributed, the stagnation region appears to be smooth which is consistent with the previous studies [36] . By comparing the ice roughened airfoil model and the original smooth airfoil model, the root-mean-square roughness height for the rough surface can be calculated following the work by McClain et al. [32, 37, 38] :
where N is the number of points at a specific surface distance,
is the local height difference between the ice-roughened surface and the smooth surface. Thus, the 99% roughness maximum height (RMH) based on a Gaussian distribution can be calculated using three times the root-mean-square roughness height [37] :
Fig . 3 shows the ice roughness distribution over the airfoil model. It should be noted that the roughness distribution agrees well with that extracted using a Self-Organizing-Map approach by McClain [37] . As can be seen clearly in Fig. 3 , there is a signifi-cant difference between the roughness height on the suction side and that on the pressure side of the airfoil model, as separated by the ''smooth" stagnation region. It is suggested that such difference is essentially caused by the asymmetrical profile of the NACA 23012 airfoil, which influences the water collection efficiency and heat transfer properties.
Experimental setup for the icing experiments
As shown schematically in Fig. 4 , ISU-IRT is a multifunctional icing research tunnel with a test section of 2.0 m in length Â 0.4 m in width Â 0.4 m in height with four sidewalls being optically transparent. It has a capacity of generating a maximum wind speed of 60 m/s and an airflow temperature down to À25°C. An array of 8 pneumatic atomizer/spray nozzles are installed at the entrance of the contraction section of the icing tunnel to inject micro-sized water droplets (10-100 lm in size with MVD % 20 lm) into the airflow. By manipulating the water flow rate through the spray nozzles, the liquid water content (LWC) in the ISU-IRT could be adjusted, i.e., LWC ranging from 0.1 g/m 3 to 5.0 g/m 3 . In summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a range of icing conditions, i.e., from dry rime to extremely wet glaze ice conditions.
Supported by a stainless-steel rod, the airfoil model was mounted at its quarter-chord and oriented horizontally across the middle of the test section. In the present study, two typical icing conditions, i.e., glaze and rime, were generated in the ISU-IRT as described in 14 CFR Part 25 Appendix C, i.e., at the freestream air velocity of U 1 = 40 m/s, LWC = 1.0 g/m 3 , and airflow temperature of T 1 = À5°C and À15°C, respectively. The angle of attack (a) of the airfoil model was set at a = 2°in accordance with the previous studies [33, 37] .
During the experiments, the dynamic ice accretion process over the airfoil surface was recorded by using a high-speed camera (PCO Tech, Dimax) with a 60 mm lens (Nikon, 60 mm Nikkor f/2.8) installed at 500 mm above the airfoil model. The camera was positioned approximately normal to the airfoil chord, with a measurement window size of 210 mm Â 210 mm and a spatial resolution of 9.5 pixels/mm. An in-situ calibration procedure as suggested by Soloff et al. [39] was performed to dewarp the captured images before extracting physical features. Each test trial consisted of 3000 images acquired at a frame rate of 50 Hz. A pair of 100 W Studio-LED light Units (RPS Studio Light, Model RS-5610 and RS-5620) were used in the present study to provide low-flicker illumination for the image acquisition. The imaging system was calibrated by placing a calibration target consisting of a grid of dots aligned in the plane defined by the airfoil span and chord and computing a planar homography using the direct linear transform method, thus mapping the pixel coordinates to real-space coordinates projected onto the airfoil plane (with an uncertainty of ±0.1 mm in location definition). It should be noted that, after the icing images were acquired, a series image processing, i.e., noise removal, contrast adjustment, and intensity normalization, were performed to provide high-quality images for analysis. As shown in Fig. 4 , an infrared (IR) thermal imaging camera (FLIR A615) was also used to map the surface temperature of the ice accreting airfoil surface. The IR camera was mounted at~300 mm above the airfoil model with the measurement window size of 110 mm Â 90 mm and a corresponding spatial resolution of 5.3 pixels/mm. Radiation from the ice accreting airfoil surface passes through an infrared window (FLIR IR Window-IRW-4C with optic material of Calcium Fluoride) before reaching to the IR camera. A calibration of the material emissivity is performed for the IR thermal imaging [40] . Table 1 gives the IR emissivity coefficients of the materials relevant to the present study, i.e., surface of the airfoil model, ice, and liquid water, respectively. Each test trial consisted of 15,000 IR images acquired at a frame rate of 50 Hz. An in-situ calibration was also performed to validate the IR thermal imaging results by establishing a relationship between the measured count number from the IR camera and the temperature acquired by using thermocouples (T-type thermocouple with an accuracy of ±0.5°C). The measurement uncertainty for the IR camera was found to be less than 0.2°C. The high-speed video camera and the IR camera were connected to a digital delay generator (DDG, Berkeley Nucleonics, model 575) that synchronized the timing between the two systems.
Results and discussion

Surface morphology of the ice accreting airfoil model with and without the initial roughness
It is known that the early-stage water collection and ice accretion have a significant effect on the final ice shape growth and extension [16, 19] . When ice roughness forms around the leadingedge of an aircraft wing in the early-stage of ice accretion, the water collection efficiency, boundary layer airflow, and heat transfer would be rapidly changed [41] . In order to evaluate the instantaneous effects of such initial ice roughness on the water collection and icing morphology, the present study focused on the starting period of the ice accretion process, i.e., the first 5 s of ice accretion. The airfoil models (with and without the initial leading-edge roughness) were tested under two typical icing conditions, i.e., rime and glaze. Multiple trials were conducted under each test condition to examine the repeatability of the experiment. It was found that while discrepancies were observed in the icing morphology in terms of icing rivulet spaces and locations (which is suggested to be caused by the uncertain disturbs in upstream), the main features of the ice accretion were basically the same. Fig. 5 shows the typical snapshots of ice accretion over the two airfoil model surfaces under the icing condition of U 1 = 40 m/s, T 1 = À15°C, and LWC = 1.0 g/m 3 . It is clearly seen that, when the super-cooled water droplets impinged onto the smooth leadingedge, i.e., Fig. 5 (a)-(e), a thin ice film was quickly formed around the leading-edge, exhibiting similar characteristics as that described in the previous study [42] . In addition to the formation of the ice film, sparse ice roughness was also observed to grow at the edge of the ice film. Since the airflow temperature is freezing cold in this case, the impinged water mass were found to freeze immediately upon impacting on the airfoil surface. There was no surface water run-back or downstream icing being observed under this condition. It should be noted that, along with the extension of the ice film, a distinct straight boundary was also observed between the smooth ice film and the rough spots region as indicated by the blue dashed lines given in Fig. 5(b) -(e). Since the ice accretion process in this case is a typical rime icing, the distribution of ice accretion is solely determined by the water collection distribution [36] . Based on the surface morphology of the ice accreting airfoil model in Fig. 5(e) , it is revealed that while the ice accretion is uniformly distributed along spanwise, the ice thickness appears to be decreasing at further downstream, which agrees well with the previous study [43] . For the icing morphology over the airfoil surface with the initial leading-edge roughness, it is found that a finger-like boundary was formed between the ice film region and the rough spots region as shown in Fig. 5 (h)-(j). As the super-cooled water droplets impinged onto the airfoil surface, due to the blockage at the elevated elements and the trap at the recessed spots, the water collection distribution was significantly altered. Along with the redistribution of the water collection, the amount of ice accretion was also redistributed. Such variation of the initial water collection and ice accretion is suggested to have a great impact on the subsequent ice accretion processes. Fig. 6 shows the typical snapshots of ice accretion over the two airfoil model surfaces under the glaze icing condition, i.e., U 1 = 40 m/s, T 1 = À5°C, and LWC = 1.0 g/m 3 . When the super-cooled water droplets impinged onto the airfoil model with the smooth leading-edge, i.e., Fig. 6 (a)-(e), due to the relatively warm airflow temperature, the heat transfer was not sufficient to instantly remove all the latent heat of fusion in the collected water. As a result, only partial of the impinged water froze upon impact, with the remaining being transported downstream as driven by the boundary layer airflow. Thus, a smooth water/ice film was found to be formed around the airfoil leading edge. As more water droplets impinged on the surface, run-back rivulets were found to be formed as can be seen in Fig. 6 (c)-(e).
For the ice accretion over the airfoil model with the initial leading-edge roughness, it is found that, though the leading-edge roughness redistributed the water collection, a similar water/ice run-back behavior was observed as can be seen in Fig. 6 (f)-(j). Since the heat transfer under this test condition was not sufficient to remove all the latent heat of fusion in the collected water, the unfrozen water was found to run back and flush over the rough-ness elements. The leading-edge roughness was found to trap the surface water run-back and decelerates the water/ice film formation. In addition to the redistribution of water collection, the roughness elements are also suggested to change the boundary layer airflow, and enhance the heat convection at specific regions, which will be discussed in following sections.
Temperature mapping of the ice accreting airfoil model with and without the initial roughness
In order to further evaluate the effects of the initial ice roughness on the water collection, heat transfer, and water/ice transport process, the transient surface temperature distributions over the ice accreting airfoil models were also quantitatively measured. Fig. 7 shows the time-evolution of the measured surface temperature distribution over the airfoil models during the early-stage ice accretion processes under the test condition of U 1 = 40 m/s, T 1 = À15°C, and LWC = 1.0 g/m 3 . Since the amount of ice accretion is linearly related to the amount of the latent heat release during the solidification process [16] , the temperature maps derived in Fig. 7 can be used to quantitatively describe the ice accretion distribution over the different airfoil surfaces. For the ice accretion over the airfoil model with the smooth leading-edge, i.e., Fig. 7 (a)-(e), it is found that as the super-cooled water droplets impinged onto the airfoil surface, an ice film was quickly formed and extended downstream. It should be noted that, the temperature distribution is uniform along the spanwise direction, indicating that the amount of water collection and the subsequent ice accretion are uniformly distributed along spanwise over the airfoil model. It is also found that, as more water droplets impinged onto the airfoil surface, along with the extension of ice film, an evident temperature gradient appeared along the chordwise direction, which corresponds to the water collection and ice accretion distribution [16, 43] .
For the ice accretion over the airfoil model with the initial leading-edge roughness, i.e., Fig. 7 (f)-(j), it is found that the realistic roughness elements essentially changed the water impingement distribution. Based on the temperature map at the very beginning of water collection, i.e., Fig. 7 (f)-(g), it can seen clearly that there is an evident variation of the water collection in both span-and chord-wise directions. As more water droplets impinged onto the airfoil surface, an ice film was found to be formed over the roughness elements. It is found that along with the extension of the ice film, jagged boundaries appeared as indicated by the temperature gradient in Fig. 7(h)-(j) . It is suggested that such alternative ''crests" and ''troughs" appeared at the temperature boundaries are essentially caused by the greatly altered water collection distribution induced by the roughness elements. Fig. 8 shows the time-evolution of the measured surface temperature distributions over the airfoil models with and without the initial roughness under the test condition of U 1 = 40 m/s, T 1 = À5°C, and LWC = 1.0 g/m 3 . As described above, the ice accretion under this test condition is a typical glaze ice accretion with evident surface water/ice run-back over the airfoil model surfaces. For the ice accretion over the airfoil model with smooth leadingedge, i.e., Fig. 8(a) -(e), it is clearly seen that, as the water droplets impinged on the smooth leading-edge, the temperature map appeared to be not uniform as shown in Fig. 8(a in the impinged water, the impinged water droplets would experience a deform and splash process before freezing. Due to the variation of droplet impinging behaviors at the different locations, the water deposition/ice accretion were found to be disorderly distributed as indicated by the temperature distribution in Fig. 8(a) . As more and more water droplets impinged onto the airfoil surface, a water/ice film was found to be formed and transported downstream. During this process, water/ice beads and rivulets were found to be formed due to the instability of the surface water transport [44] [45] [46] as can be seen in Fig. 8(b) -(e). The temperature maps indicate that, while partial of the impinged water was frozen into ice film around the leading-edge, a large amount of the water was frozen into the rivulets-shaped ice as it transported downstream.
For the ice accretion over the airfoil model with the initial leading-edge roughness, i.e., Fig. 8(f)-(j) , due to the existence of the initial roughness elements, the impinging behaviors of the water droplets were found to be even more complicated. While the roughness altered the water collection distribution by blocking and trapping water mass at the elevated elements and the recessed spots, the impinged water mass was found to be further redistributed during the run-back process as shown in Fig. 8 (f)-(h). As more and more water droplets impinged onto the airfoil surface, the water/ice flushed over the roughness elements, and transported downstream. The roughness elements trapped the water film flow and decelerated the water/ice transport. Due to the redirection and deceleration of the roughness elements, the run-back water/ice was found to have fewer beads/rivulets formation as compared with that over the airfoil model with smooth leadingedge.
Effects of initial ice roughness on water collection distribution over the ice accreting airfoil model
As described above, the initial ice roughness would significantly affect the droplet impinging behaviors and water mass distribution. Based on the previous study of Liu and Hu [16] , it was found that the water collection efficiency is proportional to the surface temperature increment during the ice accretion process under rime icing conditions. Thus, the relative water collection efficiency around the airfoil leading-edge can be estimated directly based on the measured surface temperature distributions, i.e., s ͞ b i͞ =b i / b 0 = DT i /DT 0 , where is the relative water collection efficiency, b i is the local water collection efficiency, b 0 is the water collection efficiency at the stagnation point, DT i is the local temperature increment, and DT 0 is the temperature increment at the stagnation point of the airfoil model. In the present study, the leading-edge temperature distributions at the very beginning of ice accretion (t = 0.5 s) under the rime condition, i.e., U 1 = 40 m/s, T 1 = À15°C, and LWC = 1.0 g/m 3 , were used to elucidate the effects of the initial ice roughness on the water collection process. Fig. 9 shows the leading-edge temperature distributions and span-averaged temperature distributions over the smooth and the rough leading-edge at the very beginning of ice accretion (t = 0.5 s) under the test condition of U 1 = 40 m/s; LWC = 1.0 g/ m 3 ; and T 1 = À15°C. It can be seen clearly that, while the surface temperature over the smooth leading-edge is uniformly distributed along the spanwise direction, the temperature distribution over the rough leading-edge appears to be much more irregular. By averaging the chordwise temperature increment distribution along spanwise, the overall temperature increment distribution in chordwise can be acquired as shown in Fig. 9 . It is found that for both models, the maximum temperature increment, i.e., maximum water collection, occurs at the stagnation point as indicated by the black dashed lines in Fig. 9 . The water collection efficiency gradually decreases at downstream locations as indi-cated by the decreasing temperature increment along the chordwise direction. This distribution is in accordance with the water collection efficiency distribution derived in the previous studies [47] . However, for the airfoil model with the initial roughness, it is found that while the overall chordwise water collection distribution follows a similar trend as that of the smooth model, a greater temperature drop, i.e., indicating a quick reduction of water collection efficiency, occurs right after the stagnation point. It is suggested that the roughness elements tend to block and capture more water droplets, resulting in a smaller and more concentrated water collection area around the airfoil leading-edge.
In order to further evaluate the effects of initial ice roughness on the water collection distribution, the spanwise temperature increment distribution at three chordwise locations (X/C = 0.002, 0.010, and 0.020) were also extracted for both airfoil models with and without the initial roughness as shown in Fig. 10 . It is seen clearly that, the spanwise temperature increment distribution over the smooth leading edge is almost constant with only small variations, indicating a uniform water collection along the spanwise direction. For the airfoil model with the initial roughness elements, however, the surface temperature distribution appears to be in an irregular jagged profile, indicating a significant fluctuation of water collection along the spanwise direction. The existence of the leading-edge roughness elements essentially breaks the uniformity of the spanwise water collection distribution, and the variation of the local water collection is suggested to be closely related to the intense span-wise gradients in topographical height.
Effects of initial ice roughness on convective heat transfer over the ice accreting airfoil model
The above sections have revealed that the initial ice roughness could essentially redistribute the impinged water mass. More importantly, the roughness elements are also suggested to have a significant impact on the boundary layer airflow and convective heat transfer [48] . In order to better understand the effects of initial ice roughness on the heat transfer and the subsequent ice accretion processes, the high-speed video snapshots and the corresponding IR images of the ice accreting airfoil models (with and without the initial leading-edge roughness) taken after a short period of ice accretion, i.e., t = 10 s, under the test condition of U 1 = 40 m/s; LWC = 1.0 g/m 3 ; and T 1 = À15°C, were selected for a more insightful analysis in this section. Fig. 11 shows the snapshots of the surface icing morphologies of the airfoil models with and without the initial leading-edge roughness. It can be seen clearly that, when ice accretes over the airfoil model with the smooth leading-edge, there is a distinct straight line boundary between the smooth ice film and the rough spots regions as shown in Fig. 11(a) . The ice accretion uniformly distributes along spanwise. For the airfoil model with the initial leading-edge roughness, however, it is found that the ice accretion appears to form a finger-like boundary between the ice regions as shown in Fig. 11(b) . The ice ''crests" are identified in numbers as shown in the figure.
It has been revealed that the realistic roughness distribution could induce span-wise-alternating low-and high-momentum pathways (LMPs and HMPs, respectively) separated by streamwise-oriented swirling motions with LMPs embodying intense regions of enhanced turbulence kinetic energy (TKE) [49] . Based on the icing morphologies shown in Fig. 11 , it is suggested that there is a similar distribution of LMPs and HMPs over the airfoil model with the initial leading-edge roughness. More ice tends to be accreted along the LMPs due to the encountering vortices and enhanced TKE [49] . Since the surface temperature increment is directly related to the amount of latent heat release during the solidification process, i.e., the amount of ice accretion, more evidences of the surface icing distribution and the potential LMPs and HMPs distribution are derived based on the temperature distribution given in Fig. 12 . It can be seen that, for the ice accretion over the airfoil model with the smooth leading-edge, an obvious temperature gradient exists with distinct straight boundaries as shown in Fig. 12(a) . For the airfoil model with the initial leadingedge roughness, however, the surface temperature distribution appears to be in a form with multiple finger-like boundaries between the temperature gradients as shown in Fig. 12(b) . Since more ice tends to be accreted along the LMPs induced by realistic roughness [49] , a larger temperature increment would be observed in these regions. Thus, an estimation of the LMPs and HMPs distribution is derived as indicated in Fig. 12(b) . Since the LMPs has higher TKE, i.e., enhanced convective heat transfer, and tends to capture more ice, such initial ice roughness is suggested to generate a wave-like ice shape, i.e., ice ''crest" located along the LMPs, and ice ''trough" located along the HMPs, in the subsequent icing process. 
Conclusion
In the present study, an experimental study was conducted to investigate the effects of initial ice roughness formed around the airfoil leading-edge on the dynamic ice accretion and unsteady heat transfer processes over the airfoil surface. Based on the high-speed imaging and infrared (IR) thermal imaging of the ice accreting airfoil surfaces, it is revealed clearly that, the initial ice roughness accreted around the airofil leading-edge could dramatically change the water collection distribution. The averaged chordwise temperature profiles show that, while the overall chordwise water collection distributions follow a similar trend for both airfoil models with and without the initial leading-edge roughness, the model with the ice roughness elements tends to block and capture more water within the roughness region. The roughness elements essentially break the uniformity of the spanwise water collection distribution, and the variation of the local water collection is suggested to be closely related to the intense span-wise gradients in topographical height.
It was also found that, while the ice accretion on the airfoil model with the smooth leading-edge is uniformly distributed along the spanwise direction with clear temperature gradient in chordwise, the ice accretion on the airfoil model with embbeded initial ice roughness appears to be in a form of multiple fingerlike boundaries between the temperature gradients. Distinct ''crests" and ''trough" in the temperature distribution are suggested to represent the low-momentum pathways and highmomentum pathways, which may produce alternative high and low heat convection channels and contribute to the variation of ice mass distribution in the subsequent icing process.
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